Abstract Global climate change is predicted to increase air and stream temperatures and alter thermal habitat suitability for growth and survival of coldwater fishes, including brook charr (Salvelinus fontinalis), brown trout (Salmo trutta), and rainbow trout (Oncorhynchus mykiss). In a changing climate, accurate stream temperature modeling is increasingly important for sustainable salmonid management throughout the world. However, finite resource availability (e.g. funding, personnel) drives a tradeoff between thermal model accuracy and efficiency (i.e. cost-effective applicability at management-relevant spatial extents). Using different projected climate change scenarios, we compared the accuracy and efficiency of stream-specific and generalized (i.e. region-specific) temperature models for coldwater salmonids within and outside the State of Michigan, USA, a region with longterm stream temperature data and productive coldwater fisheries. Projected stream temperature warming between 2016 and 2056 ranged from 0.1 to 3.8°C in groundwaterdominated streams and 0.2-6.8°C in surface-runoff dominated systems in the State of Michigan. Despite their generally lower accuracy in predicting exact stream temperatures, generalized models accurately projected salmonid thermal habitat suitability in 82% of groundwater-dominated streams, including those with brook charr (80% accuracy), brown trout (89% accuracy), and rainbow trout (75% accuracy). In contrast, generalized models predicted thermal habitat suitability in runoff-dominated streams with much lower accuracy (54%). These results suggest that, amidst climate change and constraints in resource availability, generalized models are appropriate to forecast thermal conditions in groundwater-dominated streams within and outside Michigan and inform regionallevel salmonid management strategies that are practical for coldwater fisheries managers, policy makers, and the public. We recommend fisheries professionals reserve resource-intensive stream-specific models for runoffdominated systems containing high-priority fisheries resources (e.g. trophy individuals, endangered species) that will be directly impacted by projected stream warming.
2012). Climate change is projected to increase stream and river temperatures and alter their thermal habitat suitability for growth, reproduction, and survival of resident fishes (Pilgrim et al. 1998; Lyons et al. 2010; Carlson et al. 2016 ). In addition, warmer air temperatures are predicted to increase stream and river temperatures indirectly through more variable (and overall lower) precipitation (Stoner et al. 2013) , increased evaporation (Compagnucci et al. 2001) , and thus decreased groundwater discharge into these river systems. Salmonids such as brook charr (Salvelinus fontinalis), brown trout (Salmo trutta), and rainbow trout (Oncorhynchus mykiss) are coldwater fishes with laboratory temperature preferenda less than or equal to 20°C and critical thermal maxima less than or equal to 31°C (Raleigh 1982a, b; Raleigh et al. 1986; Lyons et al. 2009 ). These species support ecologically, socioeconomically, and culturally important fisheries in North America, South America, Europe, and parts of Asia and Australia (MacCrimmon 1971; Budy et al. 2013; Weber et al. 2015) . As such, understanding the effects of climate change on these valuable species will have economic and social ramifications for the management of coldwater stream fisheries throughout the world.
Temperature regulates fish metabolism, growth, reproduction, and survival (Dodds and Whiles 2010; Isaak et al. 2012 ), all of which affect fish recruitment and fisheries productivity. Temperatures above species-specific thermal maxima cause mortality, whereas temperatures at or below maxima alter individual growth and reproduction (Magnuson et al. 1997) . Predicted climate-driven increases in stream temperatures are likely to decrease the thermal habitat suitability of coldwater streams for growth and survival of brook charr, brown trout, and rainbow trout because these species have relatively low thermal tolerances to warm temperatures (Fry et al. 1946; Raleigh 1982a, b; Raleigh et al. 1986 ). Despite the importance of climate change-induced temperature increases of riverine ecosystems throughout the world (Kaushal et al. 2010; van Vliet et al. 2013) , there is widespread scarcity in the availability of long-term stream temperature datasets throughout the world. This data deficiency impedes or prevents development of region-and stream-specific temperature models and inhibits the prediction and mitigation of the ecological and social effects of stream warming on salmonid fisheries (e.g. fragmented species distribution, reduced socioeconomic output). Collectively, the global distribution and importance of stream salmonids, the global scope of climate change, and the general dearth of long-term stream temperature data indicate the importance of developing accurate, efficient approaches for projecting effects of climate change on coldwater streams and designing data-limited strategies for sustainable salmonid management in a warming world.
Fisheries management is broadly defined as the process of using information (e.g. ecological, economic, social, political) to develop strategies for achieving goals established for fisheries resources (Kruger and Decker 1999) . Decision-making is fundamental to fisheries management and necessitates informed choices regarding allocation of finite resources (e.g. funding, time, personnel) to achieve the goals set for specific fisheries systems. For example, to mitigate the effects of climate change on coldwater stream ecosystems, fisheries professionals must understand how stream temperature is regulated by ambient atmospheric conditions (e.g. air temperature) and also influenced by meteorological (e.g. solar radiation, wind, humidity) and hydrological (e.g. discharge, depth, groundwater input) conditions in stream watersheds (Gu et al. 1998; Pilgrim et al. 1998) . With this knowledge, fisheries professionals can make informed temperature modeling decisions, including which models and variables to use, amidst constraints in resource availability and, ultimately, which thermal habitat management strategies to implement for mitigation purposes.
Heat budget models generally predict water temperatures with high accuracy (i.e. exactness of temperature projection) because they prioritize the relative influence of the various atmospheric, meteorological, and hydrological drivers of stream temperature (O'Driscoll and DeWalle 2006; Wehrly et al. 2009 ). However, these models generally require extensive and expensive data collection protocols for small spatial extents (e.g. stream reaches), limiting their applicability at the regional scales (e.g. watersheds) where fisheries management agencies typically operate (WDNR 2002; MNDNR 2015) . As a result, alternative approaches such as air-stream temperature regression models are often less complex, more costeffective (i.e. same accuracy at lower cost), and more spatially appropriate than heat budget models (Mohseni et al. 1998; Benyahya et al. 2007) , making them more useful for fisheries management agencies when managing for most fish species of interest.
In lieu of heat budget models, fisheries professionals currently use two broad approaches to describe the relationship between air temperature and stream temperature: stream-specific models and generalized models. Stream-specific temperature models account for the unique combination of factors that influence each stream's thermal regime (e.g. air temperature, discharge, groundwater input), whereas generalized models are region-specific in representing the thermal regimes of all streams in a particular area. Streamspecific models treat each stream as a distinct system with a thermal regime influenced by discrete factors, whereas generalized models assume that regional patterns in air temperature, as opposed to systemspecific characteristics, are the primary drivers of water temperature (Stefan and Preud'homme 1993; Krider et al. 2013) . Each modeling approach has advantages and disadvantages. Generalized models may be less accurate than stream-specific models in predicting exact water temperatures, but their development requires significantly lower investments of funding, time, and personnel as streams do not have to be monitored individually. In contrast, stream-specific models are generally more accurate than generalized models but require significantly more resources to develop. In addition, fisheries management strategies (e.g. harvest regulations) implemented based on stream-specific models may be cumbersome to implement because they will likely be unique to-and thus variable among-individual streams reaches.
Many U.S. states (e.g. Michigan, Wisconsin, Minnesota; MDNR 2000; WDNR 2002; MNDNR 2015) already manage streams on a regional basis, aligning more closely with the generalized, rather than streamspecific, temperature modeling framework. However, the tradeoffs associated with stream-specific and generalized models are important to consider in evaluating the accuracy and efficiency (i.e. costeffective applicability at management-relevant spatial extents) of each modeling approach to achieve specific management objectives for sustaining stream salmonid fisheries in a changing climate.
Comparing stream-specific and generalized temperature models necessitates the availability of longterm (i.e. C10 year) stream temperature data. Although long time-series stream temperature data sets are relatively uncommon, fisheries professionals in the State of Michigan, USA, have monitored temperatures in many trout streams for 10-20 years, making it an ideal study area in which to compare stream-specific and generalized models. Brook charr, brown trout, and rainbow trout are ecologically and socio-economically important fishes in Michigan (Godby et al. 2007) , serving as keystone predators in coldwater streams and supporting valuable recreational fisheries in which more than 585,000 anglers spent 8.2 million angling days in 2011 (USFWS 2011). In Michigan, projected air temperature warming is predicted to increase summer temperatures in coldwater streams by 0.19-5.49°C from 2016 to 2056 (Carlson et al. 2016 ) and decrease thermal habitat availability and salmonid growth in systems that exceed thermal optima during the warmest period of the year (i.e. July; Zorn et al. 2011) . Although Carlson et al. (2016) used stream-specific models to project future water temperatures in Michigan streams, the present study expands upon previous work by explicitly comparing stream-specific and generalized models to inform stream salmonid management amidst climate change and limitations in the availability of funding, time, and personnel.
The goal of this study was to evaluate the impact of warming water temperatures on salmonid growth and survival in coldwater streams in select areas of North America. Two modeling approaches were used to predict thermal habitat changes: stream-specific and generalized models. These models were chosen as they are spatially and temporally robust and thus can inform salmonid management approaches amidst a changing climate and resource limitations. As such, this study was intended to lay a conceptual foundation for future studies in other areas of the world with coldwater streams and fish populations susceptible to climate change. The specific objectives of this study were to: (1) measure the accuracy of stream-specific and generalized models in predicting water temperature and thermal habitat suitability for salmonid growth and survival in streams in the State of Michigan and the eastern USA that span latitudinal and hydrological gradients and support socioeconomically valuable salmonid populations; (2) forecast future water temperatures and thermal habitat suitability in these streams in select future years (i.e. 2036, 2056) ; and, (3) evaluate the accuracy and efficiency of stream-specific and generalized models to develop a model comparison approach that can be used for Rev Fish Biol Fisheries (2017) 27:443-462 445 salmonid management programs within and outside Michigan.
Methods

Study area
Fifty-two coldwater salmonid streams were selected throughout Michigan based on latitudinal, hydrological, and recreational criteria ( Fig. 1 ; Table 1 ). Streams spanned a latitudinal thermal gradient from north to south. Base flow, the component of streamflow attributable to groundwater, varied among streams such that they covered a gradient from surface-runoff to groundwater dominance (see ''Baseflow measurements'' below) over which brook charr, brown trout, and rainbow trout occur in Michigan. In addition, all streams were important from a fisheries management perspective as they support productive recreational fisheries for brook charr, brown trout, or rainbow trout. These species are widely distributed throughout Michigan (Zorn et al. 2011 (Zorn et al. , 2012 , making them effective indicator species for evaluating the impact of climate change on coldwater stream fishes adapted to groundwater-dominated and surface runoff-dominated streams. Overall, brook charr were found in 28 of the streams evaluated, brown trout in 26 streams, and rainbow trout in 21 streams. Seventeen of the streams studied supported more than one salmonid species, and six streams supported all three species (Table 1) .
Baseflow measurements
A United States Geological Survey (USGS) report of base flow (Neff et al. 2005 ) was used to obtain each study stream's base flow index (BFI), a value that represents the mean rate of base flow (mm*year -1 ) divided by the corresponding mean rate of total streamflow (mm*year -1 ) and ranges from zero (i.e. no groundwater) to one (i.e. all groundwater; Wahl and Wahl 1988) . All BFI calculations were made using a digital filter hydrograph separation technique (Arnold and Allen 1999; Kelleher et al. 2012 ) whereby daily streamflow records were partitioned into Table 1 . Modified from Carlson et al. (2016) 
Stream-specific regression models
Historical air and water temperatures were used to develop stream-specific temperature regression models (Table 2) . Daily air temperatures measured in July from 1990 to 2010 were obtained using the United States Department of Energy Historical Climate Network (CDIAC 2016). Air temperature measurements were reported from the gauging station closest to each stream's headwaters, where MDNR gauges recorded daily stream temperatures in July from 1990 to 2010. July temperatures were used because this month is typically the warmest and most thermally stressful for salmonids in Michigan (Zorn et al. 2011 ) and likely to be the time period that will first impact salmonid thermal habitat quality and quantity in a changing climate. In July, temperatures are typically more suitable (i.e. cooler) for salmonids that live in GD, heavily forested headwater reaches of Michigan streams (Drake and Taylor 1996; Hayes et al. 1998) , so emphasis was placed on these reaches with the understanding that if they become warmer, temperatures in downstream reaches will also generally increase. ) and mean elevation (m) for each stream. Stream-specific regression models were developed by pairing mean July air and water temperatures from recent years (i.e. 2002-2010) for the 28 streams for which historical stream temperatures were available (Tables 1, 2 ). To predict future stream temperatures, the product of air temperature regression coefficients and air temperature projections (described below) was calculated and added to model intercepts (i.e. stream temperature = air temperature coefficient*projected future air temperature ? intercept). Air temperature coefficients represented indices of stream thermal sensitivity (i.e. relative susceptibility to temperature change) because larger positive coefficients produced warmer stream temperatures (Kelleher et al. 2012) .
Generalized regression models
Stream temperatures were also predicted by converting sub-basin air temperature projections to water ) and Elevation is mean catchment elevation (m). Asterisks indicate that streams had historical field-collected air and stream temperatures for development of stream-specific regression models. SLP, NLP, and UP refer to Michigan's Southern Lower Peninsula, Northern Lower Peninsula, and Upper Peninsula, respectively temperatures using two generalized regression equations. The Stefan and Preud'homme (1993, hereafter referred to as SP) model, developed specifically for RD streams, estimates weekly stream temperature by:
where T w is water temperature (°C) and T a is air temperature (°C). The standard deviation (SD) of the model is 2.16°C.
The Krider et al. (2013, hereafter referred to as K) model, developed specifically for GD streams, estimates weekly stream temperature by:
where T w is water temperature (°C) and T a is air temperature (°C). The model SD is 4.80°C.
The K model was used to project GD stream temperatures, whereas the SP model was used to predict RD stream temperatures, as these models were developed specifically for those corresponding streams types. Although both models were developed for weekly temperatures, daily and monthly air and water temperatures have been reported to be associated through a nearly 1:1 relationship (Ozaki et al. 2003) , suggesting a strong positive weekly-to-monthly relationship and validating use of monthly average air temperatures to project stream temperatures. 1977; Raleigh 1982b ).
Analyses
The accuracy of stream-specific regression models was evaluated by calculating the deviation between projected and actual stream temperatures and salmonid thermal habitat suitability statuses in 2006. Similarly, the accuracy of generalized regression models was assessed by calculating differences between projected and actual stream temperatures and salmonid thermal habitat suitability statuses. In comparing generalized K and SP models, temperature projections were considered inaccurate if they were lower (i.e. under-prediction) or higher (i.e. overprediction) than actual temperatures by an amount greater than the standard deviation of the model with the lowest standard deviation (i.e. SP, SD = 2.16°C).
The relative accuracy of stream-specific and generalized models was evaluated by comparing each model's deviation between projected and actual temperatures and salmonid thermal habitat suitability statuses with those of the corresponding model (i.e. generalized or stream-specific) in each of the 28 streams with historical water temperatures (Table 1) .
Stream-specific models could not be developed for the 24 streams (17 GD, 7 RD) for which historical water temperatures were not available. However, it was deemed appropriate to project stream temperatures and habitat suitability statuses using either the generalized K model (for the additional 17 GD streams) or the SP model (for the additional 7 RD streams) if the accuracy of these models in predicting habitat suitability in their respective streams was greater than 80%. Temperature deviations (i.e. between actual temperatures and model projections and between stream-specific and generalized model predictions) were considered biologically significant if they produced changes in thermal habitat suitability statuses. Such changes were necessary for biological significance as defined in this manuscript, so temperature deviations rather than absolute temperatures were the appropriate measurement and were required for defining management-relevant categories for growth and survival.
To investigate the applicability of stream-specific and generalized models in regions outside Michigan, temperatures and thermal habitat suitability projections from the two model types were compared with historical (i.e. 2006) temperatures and habitat suitability statuses in five reported high-quality brook charr and brown trout streams located in the States of Connecticut, Maine, North Carolina, and Wisconsin, USA (Schlee 2014) . Historical data for these streams were obtained from the USGS National Water Information System (USGS 2016).
Results
Temperature projections
Stream-specific models projected historical water temperatures more accurately than generalized models in all 28 streams that had historical water temperatures available. In GD streams, the mean deviation of stream-specific model projections from actual temperatures in 2006 was -0.30°C (SD = 0.35, range = -0.71-0.79) under the high CO 2 emission scenario and -0.38°C (SD = 0.41, range = -1.04-0.79) under the low emission scenario. Compared to stream-specific model predictions, the mean deviation of generalized K model projections in GD streams was larger under high emissions (-1.21°C, SD = 2.10, range = -5.40-2.60) and low emissions (-1.36°C, SD = 2.13, range = -5.60-2.30). Similarly, the mean deviation of stream-specific model projections from actual temperatures in RD streams was -0.70°C (high emissions, SD = 0.77, range = -1.78-1.14) and -0.88°C (low emissions; SD = 0.75, range = -1.70-0.84), compared to 2.57°C (high emissions, SD = 1.92, range = -0.70-5.30) and 2.10°C (low emissions, SD = 2.11, range = -1.50-4.60) for the generalized SP model. For streams in the State of Michigan, stream-specific models predicted that stream temperatures will increase by an average of 1.5°C (GD streams) and 3.1°C (RD streams) under high emissions and 1.2°C (GD streams) and 3.1°C (RD streams) under low emissions from 2016 to 2056. Throughout Michigan, generalized models projected stream temperatures will increase by an average of 0.6°C (GD streams) and 1.5°C (RD streams) under high emissions and 0.8°C (GD streams) and 1.9°C (RD streams) under low emissions from 2016 to 2056.
Thermal habitat suitability projections
Although stream-specific models predicted temperatures of GD and RD streams more accurately than generalized models, both model types projected accurate salmonid thermal habitat suitability statuses in GD streams (Fig. 2) . Under high and low CO 2 emissions, stream-specific models projected thermal habitat suitability with 100% accuracy in GD streams with brook charr, brown trout, and rainbow trout (Table 3) . Deviations between actual temperatures and stream-specific model projections were not biologically significant as they produced the same thermal habitat suitability statuses. In comparison, the overall accuracy of the generalized K model in projecting thermal habitat suitability was 82% in GD streams for brook charr (80% accuracy), brown trout (89% accuracy), and rainbow trout (75% accuracy; Table 3 ) under both emissions scenarios.
In contrast to GD streams, differences in temperature predictions between stream-specific and Table 3 Projected and actual temperatures (°C) and associated thermal habitat suitability (THS) statuses for growth and survival of brook charr (BKC), brown trout (BNT), rainbow trout (RBT), and all three species (All) in groundwaterdominated streams (1 = optimal, 2 = suboptimal, 3 = no growth, 4 = high mortality risk) generalized models in RD systems were more often biologically significant (Fig. 2) . Stream-specific models were more accurate than generalized models in predicting salmonid thermal habitat suitability statuses in RD streams. Compared to 100% accuracy in GD systems, stream-specific models predicted thermal habitat suitability with 80% accuracy in RD streams for brook charr (80% accuracy), brown trout (75% accuracy), and rainbow trout (100% accuracy; Table 4 ) under high CO 2 emissions. Under low emissions, stream-specific models predicted thermal habitat suitability with 93% accuracy in GD streams for brook charr (80% accuracy), brown trout (100% accuracy), and rainbow trout (100% accuracy; Table 4 ). In comparison, under high emissions, the overall accuracy of the generalized SP model was 47% in RD streams for brook charr (60% accuracy), brown trout (25% accuracy), and rainbow trout (100% accuracy; Table 4 ). Under low emissions, the overall accuracy of the generalized SP model was 60% in RD streams for brook charr (60% accuracy), brown trout (50% accuracy), and rainbow trout (100% accuracy; Table 4 ).
Generalized K versus SP models
The generalized K model predicted stream temperatures more accurately than the generalized SP model. The generalized K model predicted historical GD stream temperatures with 75% accuracy under high and low CO 2 emissions (Table 3) , whereas the generalized SP model backcasted temperatures with only 36% accuracy under high and low CO 2 emissions (Table 4) . The generalized SP model over-predicted temperatures by 2.4-5.3°C (average 3.8°C) in seven RD streams (i.e. Bryan Creek, Cedar Creek, Cedar River, Elm River, Pine River, Prairie Creek, Salmon Trout River) under high emissions and by 2.5-4.6°C (average 3.7°C) in six RD streams (i.e. Bryan Creek, Cedar Creek, Cedar River, Pine River, Prairie Creek, Salmon Trout River) under low emissions (Table 4) . The generalized SP model predicted thermal habitat suitability in RD streams with 35% lower accuracy (high emissions) and 22% lower accuracy (low emissions) than the generalized K model in GD systems. Therefore, generalized models are best suited for use in GD streams.
Data-limited streams
Because the generalized K model projected historical thermal habitat suitability statuses in GD streams with relatively high accuracy ([80%), the K model was used to predict temperature and habitat suitability in the 17 GD systems for which historical water temperatures were unavailable. Under both high and low CO 2 emissions, all of these streams were projected to maintain optimal growing conditions in July for brook Rev Fish Biol Fisheries (2017) 27:443-462 455 charr, brown trout, and rainbow trout until the year 2056 (Table 5) .
Model applicability to streams outside Michigan
Thermal habitat suitability projections from streamspecific and generalized models were compared with historical habitat suitability statuses in five streams outside the State of Michigan to gauge the applicability of the two model types in different regions of the USA. For these streams, generalized models predicted salmonid thermal habitat suitability with comparable accuracy to stream-specific models. In five brook charr streams, 67% of generalized model predictions were accurate, compared to 0% of stream-specific model predictions (Table 6 ). Thermal habitat suitability projections were consistent between generalized and stream-specific models in three of the five brook charr streams. In five brown trout streams outside Michigan, 67% of generalized and stream-specific model predictions were accurate, and thermal habitat suitability projections were consistent between model types in all five streams (Table 6 ). The accuracy of generalized model thermal habitat suitability predictions was similar in streams outside and inside Michigan. At least twothirds of predictions were accurate in brook charr streams (outside Michigan: 67% accuracy; inside Michigan: 73% accuracy) and brown trout streams (outside Michigan: 67% accuracy; inside Michigan: 71% accuracy). The relatively high accuracy of generalized models in predicting thermal habitat suitability in streams within and outside Michigan indicates their applicability in coldwater fisheries management programs in the eastern and north central United States of America. Species abbreviations are as follows: ALL brook charr, brown trout, and rainbow trout, BKC brook charr, BNT brown trout, RBT rainbow trout
Discussion
Salmonids are ecologically, socioeconomically, and culturally important throughout the world. However, their comparatively low thermal optima (Raleigh 1982a, b; Raleigh et al. 1986 ) combined with global climate warming and widespread scarcity in long-term stream temperature data indicate a pressing need for reliable, cost-effective methods for projecting stream temperatures with limited data to manage thermal habitats. Although heat budget models represent a highly accurate method for predicting stream temperatures, they are expensive, data-intensive, and require physical, hydrological, and meteorological measurements at small spatial extents (e.g. stream reaches; Mohseni et al. 1998; Benyahya et al. 2007) , which most fisheries management agencies do not have the resources to collect or analyze. As a result, fisheries management agencies need efficient, cost-effective alternatives to accurately project future thermal habitat conditions. This study demonstrates the utility of streamspecific and generalized temperature models for salmonid management amidst global climate change and resource limitations. This study shows that stream-specific models, reflecting the unique influence of thermal drivers in each system (e.g. air temperature, solar radiation, riparian shading, groundwater input, discharge, precipitation, evaporation ; Bartholow 1989; Gu et al. 1998) , predict temperatures more accurately than generalized, region-specific models. However, developing temperature profiles for streamspecific models requires considerable investments of funding, time, and personnel (e.g. purchase, installation, and monitoring of temperature gauges for each stream). Despite the higher accuracy of streamspecific models for prediction of stream temperatures in this study, generalized models were comparably accurate in projecting thermal habitat suitability for salmonid growth and survival in GD streams. Consequently, generalized models can be useful for fisheries professionals seeking to optimize the expenditure of finite resources on research and management efforts necessary to conserve coldwater stream fisheries with climate change.
The magnitude of stream warming projected in this study is similar to previous investigations conducted in and near the study area in Michigan. Water temperatures were predicted to increase by 0.1-3.8°C in GD streams and 0.2-6.8°C in RD streams in Michigan due to projected climate change from 2016 to 2056. These results corroborate projected stream temperature warming in other Upper Midwestern states (0.3-6.9°C in the State of Minnesota, USA: Pilgrim et al. 1998; 0.8-4 .0°C in the State of Wisconsin, USA: Lyons et al. 2010) . Previous research in Michigan indicates that GD streams are more thermally resilient than RD streams due to groundwater-driven thermal buffering and flow stability, which causes coldwater fishes to be more susceptible to summer growth reductions in RD systems (Zorn et al. 2012 ). The present study supports this finding as the magnitude of temperature warming was projected to be greater in RD streams than GD systems with thermal buffering.
Generalized temperature models accurately projected stream thermal dynamics in GD streams within and outside Michigan, indicating their broad utility for salmonid management in other regions of the world with coldwater streams vulnerable to climate-induced Rev Fish Biol Fisheries (2017) 27:443-462 457 warming. Generalized models projected thermal habitat suitability with 82% accuracy in GD Michigan streams and were as accurate as stream-specific models in predicting thermal habitat suitability in systems outside Michigan. This indicates that generalized models are useful for forecasting temperature ranges for salmonid growth and survival in broad regions of the eastern and north central USA and suggests that generalized models are widely applicable in other regions that contain stream salmonid populations. These findings are important for stream salmonid management because by using generalized models, fisheries professionals can invest fewer resources (e.g. funding, time, personnel) to achieve a comparable level of accuracy in projecting thermal conditions for salmonid growth and survival and may then invest more in implementing programs that enhance the thermal resilience of streams that are likely to be impacted by a warming environment. In addition, generalized models applied on regional scales would promote salmonid management strategies (e.g. harvest regulations) that, by virtue of their regional scale, would be more practical for fisheries stakeholders compared to the complex assortment of site-specific regulations that would result from using streamspecific models. Moreover, fisheries professionals can use generalized models as simple tools to inform anglers and other stakeholders about probable effects of climate change on coldwater stream fish communities, including reduced salmonid abundance and increased abundance of warmwater fishes (e.g. centrarchids; Pease and Paukert 2014) . Compared to stream-specific models, generalized models could be efficiently incorporated into existing regional-level stream salmonid management programs in the States of Michigan (MDNR 2000) , Wisconsin (WDNR 2002 ), Minnesota (MNDNR 2015 , and elsewhere throughout the world (e.g. Spain; Antunes et al. 1999) . Facing cost-benefit tradeoffs, fisheries professionals may willingly exchange the lower accuracy of generalized models in predicting temperature for their costeffectiveness and efficiency, particularly their ability to project thermal habitat suitability with comparable accuracy and lower resource expenditure relative to stream-specific models.
Results from this study have other important implications for stream salmonid management throughout the world. As climate change increases air temperatures and decreases stream thermal habitat suitability for salmonid growth, reproduction, and survival (Lyons et al. 2010; Isaak et al. 2012) , managing streams and their salmonid populations for thermal resilience will become an ever important task for fisheries professionals. This study indicates that by using generalized models, fisheries professionals can reduce costs associated with temperature modeling in GD streams and may then be able to allocate more resources toward thermal habitat management. Potential management actions include protecting riparian vegetation that provides shading (Blann et al. 2002) , preserving grasslands and other land cover types that promote groundwater recharge (Siitari et al. 2011) , and maintaining longitudinal stream connectivity that allows salmonids to move to cooler habitats (e.g. headwater reaches; Waco and Taylor 2010) during the warm summer months.
Generalized models are advantageous for watershed-level salmonid management as they enable relatively accurate, cost-effective stream temperature forecasting at regional scales. Fisheries professionals can use results from generalized models to develop climate vulnerability maps that facilitate prioritization of streams for thermal habitat management in a changing climate. In addition, fisheries professionals can integrate generalized model temperature projections with socioeconomic information (e.g. angler values and behaviors, stream-specific resource availability) to design decision-support tools (DSTs) that streamline decision-making for stream salmonid management. As the applications of DSTs continue to be discovered (Azadivar et al. 2009; Bitunjac et al. 2016) , they have proven to be important for ecologically, sociologically informed fisheries management in a changing climate (Lynch et al. 2015 (Lynch et al. , 2016 . Accurate, readily interpretable generalized models can enable fisheries professionals to collaborate with policy makers to ensure that stream temperature modeling is used to inform the development of policies that sustain stream salmonid populations amidst predicted changes in the world's climate.
This study provides a foundation for future coldwater fisheries research throughout the world regarding the effects of increased air and water temperatures on stream salmonid populations and approaches to mitigate-and adapt to-the impacts of global climate change. Although this study focused on relatively data-rich streams in Michigan, Wisconsin, and the eastern United States, it employed methods for developing and comparing stream-specific and generalized stream temperature models that are widely applicable in other regions of the world. Stream temperature data spanning multiple years are necessary for using the methods described herein, thus we encourage fisheries professionals to expand the spatial and temporal coverage of air and stream temperature monitoring networks and thereby enhance their utility for fisheries management. Increased temperature data collection and installation of air and stream temperature gauging stations will enable comparisons between the present study and research conducted in the western United States, Canada, Europe, and other regions of the world where stream salmonids are abundant yet stream-specific and generalized temperature models have not been juxtaposed. In addition to stream temperature modeling and thermal habitat management, further research is needed to assess other potential tools for sustaining stream salmonid populations and other species amidst climate change. For instance, the effects of management actions to restore stream habitat connectivity (e.g. dam removal, fish ladder installation at roadside crossings and culverts) on salmonid populations need to be more comprehensively assessed. Further research is needed to determine whether maintaining a diversity of salmonid genetic stocks, size classes, and prey species that tolerate temperatures projected under climate change (Hansen et al. 2015 ) is a useful strategy to increase the resilience of stream salmonid populations.
The goal of this study was to construct and compare stream-specific and generalized temperature models for Michigan streams to project future thermal habitat conditions (i.e. suitability statuses) for salmonid growth and survival, develop a model comparison approach that is spatially and temporally robust and broadly applicable within and beyond Michigan, and thereby inform salmonid management throughout the world amidst climate change and resource limitations. Our purpose was not to assess model performance in terms of absolute temperatures. Fisheries managers in Michigan and other regions with coldwater salmonid streams are primarily concerned with maintaining and/ or improving thermal habitat conditions for salmonid growth and survival rather than evaluating model performance in terms of absolute temperatures. In these management systems, models assessing and comparing thermal habitat suitability statuses for growth and survival are more useful than those looking at absolute temperature. We structured the present manuscript correspondingly and believe a thermal habitat suitability approach is most appropriate for communicating with fisheries managers and other decision-makers who are principally concerned with thermal habitat conditions. These individuals are not temperature modelers per se but rather decisionmakers who require information on current and future thermal habitat conditions. However, we acknowledge that other fisheries management systems throughout the world operate differently and may require distinct thermal modeling approaches, including absolute temperature assessment, that reflect unique research goals and objectives.
In summary, this study demonstrates the efficacy of generalized temperature models for stream salmonid management in a changing climate, particularly in GD streams. In RD systems, the lower accuracy of generalized models than stream-specific models in predicting water temperature was often biologically significant, leading to differences in projected thermal habitat suitability statuses between model types. This suggests that fisheries professionals can reserve stream-specific models for systems in which the accuracy of temperature prediction is especially important, including streams that support trophy fishing opportunities, threatened/endangered species, or other ecologically or socioeconomically valuable resources. In these streams, the added costs of using stream-specific models and installing additional air and stream temperature monitoring stations may be justifiable for fisheries management agencies, given that these systems are especially valuable. In regions that contain both GD and RD streams, integrating generalized and stream-specific models will be an effective strategy for balancing model accuracy and efficiency. Overall, this study illustrates how fisheries professionals throughout the world can use different temperature modeling frameworks to optimize the expenditure of finite resources as they project future stream thermal conditions and develop more effective strategies for coldwater fisheries management amidst global climate change.
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